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Abstract
A general approach developed for the computerized simulation of loaded gear drives is
presented. In this paper the methodology used to localize the bearing contact, provide a_
parabolic function of transmission errors, and simulate meshing and contact of unloaded
gear drives is developed. The approach developed is applied to spur e.nd helical gears, spiral
bevel gears, face-gear drives, and worm-gear drives with cylindrical worms.
Introduction
Computerized simulation of meshing and contact of gear drives also known as TCA
(Tooth Contact Analysis), has boca a great achievement that has inspired many researchers
to improve the gear technology and complement gear theory with ncw developments. A brief
review of such devclopments of gear theory is presented in [1]. TCA computer prog_a.ms for
spiral bevel and hypoid gears, availa.ble connmercially, have been developed by the engineers
of the Gleason Works [2}. TCA computer programs for the same gear drives, based on the
ideas that have been proposed in [3], have been represented in (4].
InitiMly, the TCA computer programs have been directed at the simulation of meshing
and ¢oritact of u.nloaded spiral bevel and hypoid gear drives. A new Gleason's 2"CA compute_
program (available commercially) permits the simulation of meshing _nd contact of loaded
gear drive_ mentioned above. An important contribution to the solution of this problem
has been made by Krenzer [5,6] that has proposed to use the principle of gear rotation
compatibility under load, _nd extended a TCA program for the discovery of the edge contact
of the gear tooth surfaces. However, the elastic t,,oth deformations and stress analysis were
determine_l using a simplified tooth model.
A p.owerful tool for the ela:_tic tooth deformations and the stress analysis is the application
of the finite element method. The application of this method for the previously mentioned
program wa._ contributed by Wilcox and Coleman [7-9].
A LTCA (Loaded Too_.h Contact Analysis) computer program consio-ts of two parts: (i)
the geometric and kin_,matic analysis of the gear mechanism model that i_, accomplished
as a r,zgular TCA program, and (il) the application of the finite element method for the
determination of the load sharing, real contact ratio, and the stress analysis.
The I,TCA method is still an approach applied only for the analy_is of meshing of the
gear drive under the load. It is as,_umed that the bearing contact of the gear tooth surfaces
h_s be_n already localized, and the gear tooth surfaces are at every instant in point contact
that is spread over an elliptical area under the lo_d. Therefore, the LTCA computer program
must be complemented with the synthesis of the gear drive.
Until now LTCA computer programs have been developed only for spiral bevel gear and
hypoid gear drives. There is a great need to develop the LTCA programs for other types
of gear drives (for example spur, helical gear drives and worm-gear drives), but synthesis of
the gearing is needed first. Such synthesis must cover: (i) methods for the localization of
the bearing contact, (if) investigation of misalig_ment on the transmission errors, and (iii)
compensation (at least_ partially) of transmission errors caused by misaligDment.
The objective of this paper is to develop methods for the localization of bearing contact
applicable for various types of gear drives, redu.ction of transmission errors caused by gear
misalignment by application of a parabolic fimction of transmission errors, consider_,tion of
various approaches for the generation of a parabolic function of transmi,';sion errors, and to
develop algorithms for the simulation of m_hing and contact.
Examples are provided to demonstrate co_Lta<:t localization and predesigning of a parabolic
function of transmission errors based on the research accomplished.
1 Localization of Bearing Contact and Predesigning
of a Parabolic Function of Transmission Errors
The main goals for the synthesis of a gear drive are : (i) the localization oi" the bear-
ing contact, and (ii) the predesigning of a paraoolic function of transmission el,"rors. Such
synthesis must be accomplished before the development of the LTCA program.
The localization of the beari_)g cow,tact is required to substitute an instantaneou,'; line
contact of surfaces by point contact, since a gear drive with line contact of surfaces is very
scnsitiw, to misalignment. If the gear tooth surfaces are in line contact, misalignment usually
causes : edge contact, ur_acceptable shift of the bearing contact, tran,sraJssion errors of high
level and of a shape thai may induce high vibrations.
It was rnentioned e;_rlier that due to the elastic deformation of tooth surfaces the contact
at a point is spread over an elliptical area. The dimensk)ns of the contact ellipse can be
controlled by the proper mismatch of the contacting surfaces.
The localization of the bearing contact must be complemented by the predesign of a
parabolic function of transmission errors that is able to absorb the undesirable transmission
errors caused by misalignment. Thi_ is the reason why any method of crowning of surfaces
must be complemented by application of a predesigned parabolic function of transmission
errors.
The Gleason Works pioneered the successful applicat, ion of point contact for spiral bevel
gears and hypoid gear drives. There is a great need now to localize the bearing contact in
spur. helical gears and worm-gear drives with cylitxdrical worms, to provide a low level of
transmission errors for such gear drive_q, and then to develop the LTCA computer programs.
Interaction of Parabolic and Linear Functions. A predesigned parabolic function of
tran._mission errors is d_ignated for the _bsorption of almost linear functions of transmis.-
sion errors caused by misal.ignment. The interaction of a parabolic and linear functions of
tran:smission errors has been discussed in [10] and is illustrated by drawings figs. 1, 2 and
3, Fig. l(a) shows that due to misa lignment the transmissi')n function _(e)l) is a piecewise
function. The fi_,"ctiou of transmission, errors Ad2(Ch) (fig. l(b)) is usually an, almost linear
2,'r
fu.nction with the period of the cycle of meshing (_), when one pair of teeth is changed
for another one. The transfer of meshing i._ accompanied with a large acceleratio_ if such
a function of transmission errors exists. Fig. 2(a) shows the interaction of a predesigned
parabolic function
with a linear funcl, ioll
= b¢i (2)
that is caused by misalig_nrnen_,.
The sum of functions (A¢_ 1) + A¢_ _)) is again a parabolic function represented in coor-
dinate system (A_, _')l) a.s
= (3)
Axes of coordin.ate systems (£v:_,_b,) and (Afz,¢l) are parallel, but the origins do riot
coincide. Functioo (3 J represents a parabolic function with the same parabola parameter a.
The location of points (A°: B*) of fimction A¢2(0a) is asymmetrical iu comparison with the
symmetrical iocxtion of points (A, B) of function A52(¢1). Fig. 2(b) shows the resulting
parabolic fu: .t _, _r, b2(_bt) for several cych_ of meshing. Fig. 2 illustrate_ that the linear
function of ___,, "issi_,rt errors, A¢_a)(S1), is absorbed by the prcxiesigned para.bolic function
A¢_2)(¢1). As the result of such absorption, the transmission function for a misa.ligued gear
drive will have the shape shown in fig. 3(a), and _he acceleration and vibration at the transfer
of meshing will be reduced. The application of this idea has been tested for spiral bevel gears
that confirmed the reduction of the level of noise for the prototype up to 18 decibels at ehe
spiral bevel gear meshing frequencies [11].
A predesigned parabolic function may be provided: (i) by mismatch of the contacting
surfaces, (ii) by applic_ttion of nonlinear relations between the motions of the generating a_,d
generated surface, aud (iii) by cont.rolled plunging or the generating surface.
The d_scovery of the. type ,_f transmission errors that are caused by gear misalignment
must be a subject of special i_vestigation for each type of the gear drive program. In the
case of hypoid gear drives such art investigation has been accomplished for an imaginary
process of gear geJ_era, tion that provid(_ an ideal iine_r transmission function {12],
i i ,, , : _....... _ J , rl_ll i .w._: ....... :U,,IE_ _ ..............
The following is a brief description of the approach used for the localization of _,he bearing
contact and the application of a predesigned parabolic function of transmission errors.
Application of Two Generating Surfaces in Point Contact. Two generating surfaces,
]_¢ and Ee, are used I0r the generation of the pinion and gear tooth surfaces Ep and _g,
respectively. Surfaces E_. and Et are mismatched, and in the proce_ss for generation e_,ch
pair of surfaces Ec and E_,, E_ and Eg are in lint; contact.. Surface Ep is geaer;,.ted as the
envelope to the family of tool surfaces E_. Respectively, E_9 is generated as tile envelope to
the family of tool surfaces Et- Lines of contact L¢_ and L_9 do not coincide, and final].y the
point contact of generated tooth surfaces Ep and E_ will be provided. The discussed method
of contact localization was applied for face-milled generation of spiral bevel tooth surfaces.
Note : There is _ p_rticuh_r case when surface _Eg is formate cut by the tool surface :Et.
This means that Ea is a copy of the tool surface _t. This method for generation is applied
for fax:e-milled formate cut hypoid gears.
The conjugation of ,retraces E_ _,nd _.39 requires : (i) transformat, ion of rotation _:.th a
predesigned parabolic function for _bsorptioa of t,-ansmission errors caused by gear misalign-
ment (see section 2), and (ii) desired dimensions of the contact ellipse for a certain value
of surface elastic approach /5. The." choice of 6 is ba_ed on experiments accomplished for
unloaded gear drives. Fulfillment of these conditions of surface co_j_agation m_y be achieved
by application of a local synthesis method that provides the proper mismatch of the con-
tacting surfaces {l 0]. Direct relations between the principal curvatures and directions for the
contacting surfaces [1:3] simplify the solution.
Application t_f Two Rigidly Connected Generating Surfaces Ee and Et Being in
Tangeney Along a I,ine. This approach may be applied : (i) for ger_eration of single
a,nd double circular arc helical _ears, (ii) for modified involute helical gears, _tnd. for (iii)
face-milled ,;pirai bevel gears with uniform depth.
The schemaL;c of geJleration is shown in fig. 4 and the generation is based on the following
ideas :
(i) Two generating surfaces Z, and E, are in tangency along a line (designated as L_.,), they
are rigidly connected and move as a single rigid body in the process of imaginary generation.
(it) Surface Z¢ generates the pinion toot.h surface 2_, as the envelope _o the family of surfaces
Zc, generated in coordinate syster. Sp, that is rigidly connected to the pinion. Surfac_ _c
and Z_ are ir_ line contact at every instance, and their instantaneous line of tangency is
designated as L,._.
(iii) Similarly, surface Z_ (of the couple of rigidly connected surfaces Zc ar ' Zt) generates
the gear tooth surface _g as the envelope to the family of surfaces _t, generated in coordinate
system ,_qg, rigidly connected t.o the gear. Surfaces E, and Z, are in line contact ;-t every
in.,;tant, and their instant.aneous line of tangency is designated as Leg.
(iv} The generated pinion and gear tooth surfaces are in ¢_ontact at, a point at every instant
that is designated as Lp9 (fig. 4). The instantaneous point_ of tangency L_,_ of surfaces ]_s,
and _ is the. point of intersection of in.'_tantaneous contact lines L_ and L,_. Point L_g
traces on Ep and (respectively, on _9) the path of contact.
The described method for generation of pinion and gear tooth surfaces provides *,he
desired localization of contact of the generated pinion-gear tooth surfaces. In a&iition, a
predesigned parabolic function of transmission errors must be provided, and this can be
achieved by the following two approaches :
Approach 2 for Ex.eeu_ion of Predesigned Parabolic Function:
(1) The generating surface Z¢ and the pinion t.ooth sudace _, perform in the process of
generation a related motion with constant velocity.
(2) Generating surface Et performs its motion with the same constant velocity as _E¢
(recall that E c and E_ are rigidly connected}. However, the gear tooth surfaces E_ performs
its motion with a varied velocity which is executed by the computer program of the Cb'C
maclfino and provides tlae required transmission function
:v, (4)
Approach _ for Ezeculion of Predesigned Parabolic Function:
(1) tn this case it is assumed that the generating surface Et and the gear tooth surface
E_ perform in the process of generation related, motions with constant velocities.
(2) Geterat, ing surface E, performs its motion with the same constant velocity ,as Et.
However, the pi.nion tooth surface Ep performs its motion with a varied velocity which is
executed by the comput, er program of tbe CNC machine and provides the following trans-
mission function
=__N,__ ),
Application for Generation of Double Circular-Are Helical Gears. The generation
of plnion-ge_r toot, h surfao._s is based on application of two rigidly connected ra_k-cutters r,
and E, (fig. 5). The rack-cutter surfaces are in tangency along two lines, a - a and b -- b.
Two zones of meshing of the generated gears are provided since two lines of tangency (a - a
and b-- b) of rack-cutters e.xist. Plane I1 in fig. 5 is tangent to the pitch cylinders (they are
axodes) of the gears, Vector v is the velocity of translational motion of the rack-cutter in
the process for generation. The gears being generated perform related rotations about their
axes when the rack-cutter is translated [10]. The genera.ted pinion-gear tooth surfaces 2_
_nd _g are in point contact at every instam, and the bearing contact is localized. A hob or a
grinding worm can also bc used for gear generation instead of rack-cutters. The predesigned
parabolic function can be provided as described above.
Application for Generation of Modified Involute Helical Genr._. Application of the
described, ideas to invol_;te helical gears will now be made [14]. Two rigidly connected rack-
cutters E, and Zt arc applied as shown in fig. 6. The normal sections of the rack-cutters
areshownin figs. 6(b) and6(c). Tile profilesof the rack-cuttersin the normal sectionare
in tangencyat points ,\r and "\'_ (fig. 6(b)), and deviate each from other at all other points.
The line of tangency of rack-cutter surfaces Ec and St passes through Ni (i = 1,2) and has
the same: orientation as the Z_-axis. The generated pinion-gear tooth surfaces, E_, and Eg,
are in point contact at every instant. Only one zone of meshing is provided in this case. A
parabolic function of transmission errors is provided as described above.
Application for Generation of Face-Milled Spiral Beve_ Gears with Uniform
Tooth Depth. Two types of bearing contact of such gears can be provided : (i) across
the tooth surfa.ce; and (ii) along the tooth surface. In the first case two rigidly connected
generating cones are app]ied (fig. 7). The common generatrix a - a is the line of tangency
of the generating cones E, and _. The path of points of contact between surfaces E_ and
Eg, and the contact lines Lj_ bet_,'een the generating surface E i (j = c, g) and the generated
surface _k (k = p,g) are shown in fig. 7.
la the ,;econd c;_se (fig. 8), generating surfaces E,: and _ represent _ cone surface; and
a surface of revolution, respectively. Surfaces E_ and Zt are in tangency along a circle, and
the _rc of this circle is the path of cont_.ct a-- a of gear tooth surfax:es Ep and _a. The
prede_igned par_tbolic function of transmission errors is provided in both c_mez az described
_b ore.
Locali_ation of Bearing Contact and Predesign of a ParaboLic Fonetion of Trans-
mission Errors for Spur Involute Gears. :['he approach _hat is developed is based
oa the following; iclea.s : the generation is accomplished by form-grinding and t,he contact
localization is achieved by plunging the grinding cutting wheel while the pinion is generated.
In accordance with fig. 9, we have
E = Eo - al _ (n)
where E and Eo are the current and initAal center distance, l is the axial displacement of the
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tool. a is the parabol0, parameter of the parabolic function (a12). Choosing the proper value
of a, we may obtain the desired value of contact localization. The generation of the gear is
accornp}.ished without a plunging of the grinding wheel. A predesigned parabolic function
for absorption of transmission errors caused by gear misalignment may be accomplished by
modification of the profile of one, of the pair of grinding wheels. The following alternative
approach_ may be applied for this purpose : (a) The profile of the grinding (cutting)
wheel (used for the pinion or the gear) is represented as an involute profile generated by
applic_|,ion of _ base circle whose center is dislocated with respect, to the center of the
theoretical base circle (fig. 1{)), The diameter of the modified base circle differs from the
diameter of the theoretical base circle. (b) The other two approach_ _re based on application
of two imaginary rack-cutters, _c and E_, that are rigidly connected and are conjugated to
the theoretical profiles of unmodified profiles of the spur g_rs, The profiles of the tools
complement each other as a casting and model. The modification of the theoretical involute
surface of the spur gear is _chieved due to a nonlinear re[at, ion between the motions of rack-
cutter su :face _ and the gear tooth sur:ace _g. The rack-cutter surface E¢ _.nd the pinion
tooth surface :E_, perform related motions determined by linear relations. In the case wL_e._
the theoretical surface of the pit, ion is to be modified, nonlinear relations must be provided
for the motions of the rack-cutter surface Z_ and the pinion tooth surface Ep.
Localization of Bearing Contact in a Face-Gear Drive. The mcaliz_tion of contact
when a face-gear is generat,ed by a shaper L,; based on the following considerations : (i) Fig.
I1 shows generation of _ face-gear by a shaper. The meshing in the process for generation
simulates the meshing of the pinion and the face-gear, if the sh_.per is identical to the pinion
_.nd has the .,;ame number of teeth as the pinion. However. since the pirlion and the generated
face-gear are irt line cow,tact. the face-gear drive is very sensitive to misalignment. (ii) The
Iocaliz_tion of the bearing contact may be achieved if a shaper with a larger number of _eeth
than the pinior, is used [10},
• • I i I'1 IL__ I
h
Misalignment of a face-gear drive does not cause transmission errors and therefore the
predesign of a parabolic function of transmission errors is not required. However, misziign-
ment will cause a shift in the bearing contact, and therefore errors of alignment must be
limited.
Localization of Bearing Contact in a Worm-Gear Drive with a Cylindrical Worm.
There are various types of worm-gear drives with cylindrical worms dependir_g on the type
of geometry applied [10]. In the most common c_me, tke generation of the worm-gear drive is
based on the simula.tion of meshing of the worm with the worm-gear. This can be achieved
if the hob is identical to the worm, and the settings and related motions of the hob and
the worrn-gear are the same as in the worm-gear drive. Then, the worm and the worm-gear
tooth surfaces will b _ in line contact at every instant. However, such a worm-gear drive
will be very sensitive to mi:;alignment, and therefore it is necaessary to localize the beaa'ing
contact.
Two types of localized bearing contact may be provided : (a) in the longitudinaJ direction,
and (b) in the diTection that is across the surface.
The Iocaliz+tion of the contact, in the longitudinal direction for a K worm-gear drive may
he achieved a._ follows:
(i) The thread surface of the hob is generated by a cone (fig. 12(a)[. The insti+lhnent of
the tool for the generation of the thread surface is illustrated in fig. 12(c).
(ii) The, +pitch diameters of the worm and the hob are the same, but the axial profiles
deviate from each other (fig. 12(b)).
(iii) Due to such d_.wi;_tions, the thread surfaces of the hob and the worm are in tangency
along a helix, which i:; the path of contact of the worm with the generated worm-gear (fig.
12(d)}.
The disadvantage of such a method of localization of contact is that, due to misalignment
of a worm-.gear drive, the bearir:g contact may be shifted and become asym'metrical {15].
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Transmi:;sionerrorswill occur aswell, and _tpredesignedparabolic function for _,bsorption
of transmission errors is required.
A more favorable method for the localization of the bearing contact is based on the
application of an ow.'rsized hob. The meshing of the hob and the worm may be represented as
the meshing of two crossed helical gears in internal tangency (fig. 13). The shortest distance
AE and the crossing angle A7 depend on the chosen oversize that affect_ the deepness
of localization. The investigation performed by the authors show,_ that the transmission
errors caused by m3s_lignmenl, rnay be neglected. The bearing contazt is directed across
the worm-gear surface, and the resultant shift of the bearing conta¢:_ due to misalignm_mt i_
permissible.
2 Simulation of 1VIeshing
We consider at this stage of the investigation that the bearing contact is already lo-
calized and the predesigned p,_r&bolic function for _bsorption of transmission errors caused
by mis&lignment is provided. The tooth surfaces of the gear pair are in point contact at
every inst_mt, and the simulation of meshing is based on an algorithm that provide,; contin-
uous tangency of the contacting surfaces. Henceforth, we have to consider t.wo cases : (i)
surface-to-surface contact, and ({i) curve-to-surface contact.
Surface-to-Surface Con|;act. Consider that the two contacting surfaces are _epresented
in a fixed coordinate system S/. The conditions of continuous tangency of two surfaces are
repr,_sented as follows
r_';(u,. 0,, ¢,)- r_){u2, 02, _z)= 0 (7)
ll
(8)
Here, r_'1 and n_,'1 are ".he position vector and the surface unit normM of the contact point
on the surface 1 {_ = 1) or surface 2 (i = 2); u; and O; are the surface parameters ; _i is the
rotational angle of the surface considering ¢1 is the known input parameter.
Since in_')l = In_°'_l= 1, equations (7) and (8) yield a system of five independent nonlinear
equations
f,(u_. Ox, ¢_, u_, 0z, _)= 0, (i = 1:2 ..... 5) (9)
in five unknowns; 4'1 is considered as the known input parameter. The _olv_bility of equation
system (9) can be verified with the Existence Theorem of Implicit Function System [16] as
follows.
Assume that ecttmtions (9) are satisfied with the set of parameters
0 00, _0)e = (.0, 60, +0,._, (10)
Equation (9) can be solved in the neighborhood of P by using the functions
{,,,(,,), o,(¢,), ,.,;(¢,),o2(¢,),¢_(¢,)}E c' (11)
if
D(f,. f2. A, A, A)
DIul.0_,u2,02,¢2)
# 0 _2)
TLc continuous soluzion of equations (9) is uscd to determine: (i) the l,aths of contact
on surface El and E2, and (ii) the transmission funct, ion ¢2(¢,).
12
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Cdrve-to-Surface Contact. It will be shown below (see section 3) that curve-to-surface
contact may occur in addition to surface-to-surface contact in a gear mechanism. To this
end: let us consider the case when surface edge 1 is in tangency with surface 2. Thus,
(1.3)
')
no--7" = o (14)
,'here r(')(u,(0,). O,. ¢,)represents edge E, on surface I, and 0__ is the tangent to E,.
• V_'l
Equations (13) and (14) represent a system of four nonlinear equations in four unknowns
considering that, the input parameter <b_as krtown at each iteration. The solution of equ_tions
(].3) and (14) is also based on the Existence Theorem for Implicit Fa:nction System [16]. The
continuous solution of the ,;ystems of nonlinear equations (7) and (8), (13) and (14) is based
on the applicati.on of the subroutine developed by [17].
3 DETERMINATION OF CONTACT ELLIPSE
The ben,ring contact it; formed as the set of instantaneous contact ellipses. The center
of a current contact ellipse i,; located at, the point of tangency of the contacting surfaces,
The de.termination of the contact ellipse requires the knowlcdge of the elastic approach of
the contacting surfaces, the principal d_rections, and the principal curvatures. The contact
ellipse is usually determined twice: (i) for the needs of the TCA program (for an unloaded
gear drive), and in (.hi,; case the elastic approach of the contacting surfaces is considered
as known from the experimental data, 0.nd (i_) for the needs of the LTCA program (for a
loaded gear drive), and it. this caw the elastic approach is related to the contact force.
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The determination of principal curvatures and directions of the contacting surfaces is
a complex problem, since the surfaces are usually represented in a three parameter form.
The solution to this problem has been substantially simplified by the approach proposed in
[18]. This approach enables us to represent, the principal directions and curvatures of the
generated surface by the principal directions and curvatures of the tool generating surface
and the parameters of motion. Using this idea, direct rela.tions between the curvatures of the
generating and generated surfac_, and the dimensions of the instantaneous contact elfipse
have been determined [10,19].
The determination of the orient.ation of the contact ellipse and its dimensions is based
on the following procedures :
Step 1 : It is considered that the principal directions and principal curvatures of the meshing
surG.ce'; are knc_wn., and the elastic approach of the surface is given.
Step 2 : The meshing surfaces E_ and E2 are in tangency at current point P, _nd 13 is
the plane that is t_ngent to Et _nd Z2 at P (fig. 14). Unit vectors et_} and =tr_'(i}(i = 1,2)
repr,_ent the principal directions of surfaces Z1 and _:2, respectively. The orientation of the
contaO, ellipse is represented by angle t_ thltt is determined ,s follows.
where
tan 2c_ = 92 sin 2a (n} (15)
g_ "- g2 cos 2_r02)
-- ._ KII
g2 _21 • 121 (17)
= _ KII
(,)ltere, _;_'} and _tt arc the priacipal cul"vatures of surface l and surface 2 at the contact point,
and e II_l is the angle between e_ I} and e__} as shown in fig. 14.
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Step 3 : The magnitudes of the ellipse awe determined by" the equations
a=
where/_ is the elastic approach; A and B are represented as
(18)
A= 0._S[,_- ,_) -(g_ - _g,g,c,,,,2,,(")+ g=)_] (19)
Here,
8 = o.:_5[,_) ,,_)+ (g_- 2_,g,co.,2,(';)+ g,),l (20)
(':) i 1,2 (2])
The largest and smallest -values of a an<] b represent the major and minor of the contact
ellipse.
4 CONCLUSION
Based on results of the studies reported herein the following conclusions can be drawn :
(1) Methods of localization of bearing contact h,,_t: been developed for various types of
gear drives.
(2} Interaction of a parabolic fimc:.i-.n with a linear function as the tool for the a.bsorption
of t,ransrnisslon errors caused by misalignment has been d_;cribed.
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(3} Approaches for the predesign of a parabolic function of transmission errors have been
given.
(4) An Algorithm for sim, lation of meshing of a mJsaligned gear drive has been described.
(5) Determination of the instantaneous contact ellipse for an unloaded gear drive has been
presented.
References
[1] Litvin, F.L., "Applied Theory of Gearing: State-of-the-Art," ASME Journal o/Me-
chanical Design, in press, 1995.
[2] Gleason Works, "Understanding Tooth Contact Analysis," Publication No. 5D3139,
Roch_mter, NY 14692, 1981.
[3] Litvin, F.L., Theory of Gearing, Ne, uka, Moscow, 1968 (in Russian).
[4] Litvin, F.L.a.nd Gutman, Y., "Methods of Synthesis and Analysis for Hypoid Gear
Drives of Forma,te and Helixform," Part 1-3. ASME Journal of Mechanical Design,
103:83-113, 1981.
[5] Krenzer, Theodore, J., "Tooth Contact, Analysis of Spiral Bevel and Hypoid Gears under
Load", S.A.E. Earthmoving Industry Conference, Peoria, IL. April 6-8 1981.
[6] Krenzer, Theodore, J.. "Tooth Contact Analysis of Spira! Bevel and Hypoid Gears under
Load," Gle,ason Publication No. $D3458. New York, April 1981.
[7] Wilcox, L. and Coleman. W, "'Application of Finite Elements to the Analysis of Gear
Tooda Stress," ASME Paper 92-P"fG-30. San Francisco. CA. Oct. 1972.
16
[8] Wilco×, L. and Col( an, W, "Application of Finite Elements to the Analysis of Gear
Tooth Stress," ASME Joucnal of Engineering for Industry, 95:1139-1148, i973.
[9) Wilcoy, Lowell E., "An Exact Ann.lyrical Method for Calculating Stresses in Bevel and
Hypoid Gear Teeth," JSME Conference, Tokyo, Jape_r,, Sept,. 1981.
[10) Litvirh F.L., Gear Geometry and Applied "J_heory. Pren_icv Hall, Englewood Cliffs, N J,
1994.
[11] Lewicki, D.G., ltaudschuh, R.F., Henry, Z.S. and Litvin, F.L., "Low-Noise, High-
Str.Jngth, Spiral-Bevel Gears for Helicopter Trar_sr_fissions', Journal of Propulsion and
Power, 10:356--361, t994.
[12] L[tvin, F.L., Chen, J.S., Sep, T.M. and Wang, J.C., "Computerized Simulation of Trans-
mi,lsion Errors and Shift of Bearing Con.tact for Face-Milled Hypoid Gear Drive, _ Jour-
nal of Mechan.ical Design, in press, 1995.
[13] Lit, vin, F.L. _nd Hsi_o, C.-L., "Direct Relations Between Curvatures of Surfaces Being in
Continuous Tangency," Zeitsch_ifl ]ur A ngewandte Mathemalik und Mechanik. 74:225-
234, 1994.
[14] Litvin, F.L., Chen, N.X., Lu, _I. and Handschuh, R.F., "Computerized D_ign and
Generation of Low-Noise Helical Gears with Modified Surf_tce Topology," Journal of
Mechanical Design, in press, 1995.
1151 L_t,vin, F.L., Seol. i.H. and l(im, K.. "Computerized Design and Simulation of Mesh-
ing of Worm-Gear Drive with Longitudinally Localized Bearing Contact," ASME 21st
Design Automat.ion Conference, Boston, ,MA, Sept. 1995.
(16} l(orn, G.A. and l(orn, T.M.. Mathematical Handbook for Scientists and Engineering.
2nd Ed., McGraw-Hill.. 1968.
17
[17}Dongarra,J.J., Bunch..J.R., Moler, C.B.and Ste_vard,G.W. 1979. LINPACK User's
Guide, SIAM. Philadelphia.
[18] Lit, vin, F.L., "Dk," Beziehungen Zwischen den Kriiummungen der Zahnoberflfichen bei
R_iumlichen Verzahraungen,': Zeitschrift fur Angewandte Ma_hematik und Mechanik. 49:
685-690, 1969 (in German).
[19] Litvin. F.L., Chen, ,'q.X. and Chen, J.-S., "Computerized Determination of Curvature
Relations and Coni, ac_ Ellipse for Conjugate Surfaces," Journal of Computers in Applied
Mechanics and Engineering, in press, 1995.
l:igu,'e I: 'rransmission l'unctio,1 a,ld transmission errors for _, misaligned gear drive.
]9
A'
v ,° /_!
_t
f
#
#
#
... _...
% •
js J • _
18 -
I
&!/ ,
/ ,
I
a
i
I
/
/
/
#
/
t
/
<l
I"igllre 2: Interaction of parabolic and linear functions.
'20
Ilfl Jl II I I fill r I I II ............ [i i i i i in ' i rll in " 1_ i: :; ; i_
Figure 3: Transmisgion function and resulting parabolic function of tran:_mission errors.
21
/', _ _-------..-,_.-...1 , , ---
Z¢./
I
!
Ztg
\
Figure 4: Schematic of gencra.tion by two rigidly connected generating :_urfaces.
'2"2
........ II I ....................... . ............. ,_ ............... I Ball J II I t i i L ] ii It
\ --
I . o,_._ ."."
_,)_.,_7
_Y/xA ;'___x___L_.
(b) Rack-cutter c .
FI
__I-i
(c) Rack-cutter t .
Figure 5:
gears.
Surfaces of i:naginary rack-cutters for generation of double circular-arc helical
23
P_,rcti/e_ _o ge_"
_-----__
_g_.:, _ _._
(b)
I
I \
(e)
l:igu,'e 6: Sche,m, tic of l'ack-cutters for generation of helical modified involule _ears.
2,|
...... -- ....... _ * iii I I I I IIIII I_ .....................
i ff--'_ ._ .¢.
Generating surfaces
Contact path
Points of contact of E_ and _
Figure 7: Contact path and contact, lines for spiral bevel gears v, ith across ,surface bearing
contact.
2,5
Figure S: Genel"atin_ surfaces Z_ and Z_ that provide contact path aior_g t,he surface.
"26
Grindin
wheel
I
E iEo
I
Figur<- 9: Form-grinding of tlle piniorl by ;_ plunging grinding wheel : E =: Eo - al 2.
27
/7_/- Theoretical profile
Theoretical _._ 2" I _k
pitch circle "\ _._--_
Theoretical _, _ _ Modified
base circle ', _.-_ / _'_r._.. _ base circle
"_ / / "-,/ /
/
/
//
/
/
!
/ \
{
/
/
/
//
/
/
/
/
/
Figure I O: Modification of profile of a spur pinion or gear.
28
2 (face-_ear)
zz Ym
s (shaper)
Fisu_c l 1: Schematic of generation oI facc-gea_ by shaper.
29
7-4
Yc
a
!
(a)
Xo
/
/
(b)
od
Xe,X_
¢/
(c)
Zw. :;'h
!
" II.Jne of t_ngenc'y L..
(_
Figure 12: (a) Ge,erating cone for hob: (b) .Modified cone [or worm: (c) Generation oi" hob
and worm: (d) I Ieli× (tangent lille between hob and worm) on worm-surface.
:30
AY
Figure 13: Pitch cylinders of over-size hob and worm,
31
/P
I
I
I
2b
Fi_,ure 1.1: Contact ellipse.
32
..... .... ,, _ -. . ..... :
_.. ,_... _. ,,_._._. _ ,_. _.o_._,,_._,_ _ P_,_ _-_ _ _o,.,: _._, _.
May 1996 Tec_ical Memorandum
i
4."_h_A_ _mzn.E_ Z _,i_H_s
Computerized Design and Genera_on of Gear Drives With a LocalizedBca._g
Contact and a Low L_v¢l of Transmi_ion Errors
W'U-505-_2-36
e_Ao_o_: " IL16221 IAg7A
F. Litvin, J. Ch_, I. Seol, D. IGm, J. Lu, X. Zhao, and R. Handschuh
r, ' I II I I '
i FormA#prove#REPORT DOCUMENTATION PAGE C_BN_ oTo_.o_s
rl
II. PERFORMING ORGANiTJ_TION
REPORI" NUM_E.q
5-1O3O3
,10.
AOEHCY REPORT )_UMBER
NASA TM- 107250
ARL-TR-1086
_._ow.o D.ed.'no. N_i_ _ _m_s)
NASA Lew/._Resw,trchCe_te_
Cl_ve.2tnd,Ohio 44135-3193
_d
Vehiclel_pu_n Dbe.ctomte
U.5.ArmyRemards].aboml_ty
C2ev_. Ohio44135-3191
Ell. IU_OlqSORINGIMONITORIN(_ AGENCY I¢_IIE(_) AND ADDRES_(ES)
Nat/onal Aeronautics and Space A,:'amnut_t_on
WLd_on, D.C. 20546-0001
aed
U.$. A_ny R._ I..abofatc_
Ade.[l._L Ml_land 20783-I 145
11. _UPPI.EIdEK'TAFff NOTES
Preparedforthe1996 IntemalicmalConfcrcnc_on Gearscos'Ix)nso_dby AGMA, AMT, ASSI(Yr,BGA, CM_S, FVA,
ASME, GTE, IFToMM, IMechE, JSME, N[RIA, UNITRAM, 8J_dVD_tA, I_c.ukn, Geamany, April 22-_A, 1996.
F. Litvin, J. Clan, L Scol, D. Kim_ J, Lu, X, Zhao, Univ_rfi_y of IUinois at Chicago. Chicago, Illinois 60680;
R. Ha=u_hah, Vehicle i_rolmlsion Dkect_r_at_, U,S. Army Research l..abora_'y, NASA Lewis Research Cenlcr.
12s
Re.._o_sibl, person, g. Handschuhoo_ga,q_L_ationccxi¢2730, (216) 433-3969.
Unclassified- Unlimi
SubjectC:uego¢_/37
'I_s publiclZionis&_=ilahl¢ f_om 1h¢ NASa, Centrr fc_r A¢_S_. Infccrnation. (201) 621--0390.
15. AlllSTRd_T (M_cJmum_wo_)
A gencra]approach developed for the c:omputcrizcd simuladon of loaded gear dfivcs is prc_cn1_l. I_ this paper d_e
n_',hodology used to localize th_ _g contact,provide a ]yarabolic function of t_ansmissio_ errors, m_d simulate
n_shing and (:on'tact of t_oMed gear drives is _velope_l. The aIT_oach 0_v¢loped is a_liext m sp.rand I_lical gears,
spiral l'_vel gears, fa_e-gear drives, and wcm'n.gear drives with cyfind_ical worms.
w_
S4. _JS_ECT TI_MS
Go,an; Tmnsmisdons; Gear drives
Unclassified Unclassified
NSN 754O-0_.2_SS00
i , ,|, ii i i ,,,l,
11. llrcuf_T_ CL&_IP_,,ATION
OFA_
U_lL_tfied
, , ,, ............. ,*,
_$, M_ER Of: PAGI_II
35
tS. PIRICE CODE
A03
_0. UIdTTAT)ON OF ABSTRACT
.,.._ , _,,, ......
Pre_at_ by ._k,N_ _KI. ZSG-tO
29e.lo_
